Microfluidic water-in-oil droplets that serve as separate, chemically isolated compartments can be applied for single-cell analysis; however, to investigate encapsulated cells effectively over prolonged time periods, an array of droplets must remain stationary on a versatile substrate for optimal cell compatibility. We present here a platform of unique geometry and substrate versatility that generates a stationary nanodroplet array by using wells branching off a main microfluidic channel. These droplets are confined by multiple sides of a nanowell and are in direct contact with a biocompatible substrate of choice. The device is operated by a unique and reversed loading procedure that eliminates the need for fine pressure control or external tubing. Fluorocarbon oil isolates the droplets and provides soluble oxygen for the cells. By using this approach, the metabolic activity of single adherent cells was monitored continuously over time, and the concentration of viable pathogens in blood-derived samples was determined directly by measuring the number of colony-formed droplets. The method is simple to operate, requires a few microliters of reagent volume, is portable, is reusable, and allows for cell retrieval. This technology may be particularly useful for multiplexed assays for which prolonged and simultaneous visual inspection of many isolated single adherent or nonadherent cells is required.
Microfluidic water-in-oil droplets that serve as separate, chemically isolated compartments can be applied for single-cell analysis; however, to investigate encapsulated cells effectively over prolonged time periods, an array of droplets must remain stationary on a versatile substrate for optimal cell compatibility. We present here a platform of unique geometry and substrate versatility that generates a stationary nanodroplet array by using wells branching off a main microfluidic channel. These droplets are confined by multiple sides of a nanowell and are in direct contact with a biocompatible substrate of choice. The device is operated by a unique and reversed loading procedure that eliminates the need for fine pressure control or external tubing. Fluorocarbon oil isolates the droplets and provides soluble oxygen for the cells. By using this approach, the metabolic activity of single adherent cells was monitored continuously over time, and the concentration of viable pathogens in blood-derived samples was determined directly by measuring the number of colony-formed droplets. The method is simple to operate, requires a few microliters of reagent volume, is portable, is reusable, and allows for cell retrieval. This technology may be particularly useful for multiplexed assays for which prolonged and simultaneous visual inspection of many isolated single adherent or nonadherent cells is required.
single cell | nanoliter array | diagnostics C ommon single-cell analysis methods, such as flow cytometry and mass cytometry (1) , offer high throughput and accurate single-cell marker quantification, yet they lack the ability to monitor large numbers of single cells continuously and simultaneously in performance-based assays (2, 3) . Conventional microscopy may be used for these assays; however, in the case of single cells, they cannot analyze extracellular events, such as secretion. To achieve this, cells must be isolated in compartments that can sustain cell viability and growth while permitting conventional optical analysis over many hours to days. Dropletbased microfluidics, which enables single-cell encapsulation in nano-and subnanoliter droplets by surrounding microscopic aqueous medium with an immiscible carrier fluid (4) (5) (6) (7) (8) , recently gained interest with the appearance of digital PCR (9) (10) (11) . Much of the work thus far has been directed toward improving droplet manipulation capabilities (12) (13) (14) (15) (16) . With these methods, droplets are mobile, and thus cytometry is performed under flow conditions (17) , making continuous monitoring of single cells difficult. Continuous monitoring may be achieved by using stationary indexed droplets, but many current droplet immobilization techniques are limited by pressure coupling between droplet generation and capture events, as well as the requirement to adjust droplet volume to nanowell size (6, 18, 19) . The vast majority of methods used to generate water-in-oil droplets begin by priming a continuous oil phase in a microfluidic channel followed by an injection of a dispersed (aqueous) medium (20) (21) (22) . Using these approaches, droplets can be trapped by surface energy minimization. However, the interfacial energy has one constant value dictated by the chemical properties of the oil and dispersed media, leaving only the parameter of nanowell geometry to achieve droplet immobilization and limiting these techniques to finely tuned loading pressures and the use of tubing. In addition, because the droplets in the above methods are fully sheathed by a carrier fluid, they are designed primarily for studies with suspended cells. There are methods that bypass the production and capturing under flow altogether by initially producing stationary plugs within the geometry of the device (2, (23) (24) (25) . However, upon their adjustment to prolonged mammalian assays, they require multilayer fabrication, either involving high-pressure cell loading or not allowing for different substrates to be used (26, 27) . Several single-cell platforms that encapsulate cells in stationary droplet arrays are available (5, (28) (29) (30) (31) (32) (33) (34) (35) ; however, the ability to culture adherent cells for long periods remains difficult (36) .
Here, we demonstrate a microfluidic method to generate stationary nanodroplet arrays (SNDAs) rapidly and easily on a surface of choice (e.g., tissue culture plates, coverslips). It uses a loading procedure operated in reverse order, in which the dispersed medium is injected first and sheared into droplets, whereas a continuous phase is injected only subsequently for droplet sheathing. The system generates indexed stationary droplets, each with variable chemical composition, and can support both adherent and nonadherent cell culture.
Significance
There is a substantial need for single-cell platforms in which each cell is chemically isolated in its own microenvironment and a lack of such platforms that support adherent cells. We present here a method that generates stationary nanoliter droplet arrays on a substrate of choice and supports long-term incubation and interrogation of single cells. We demonstrate the encapsulation of single human dermal fibroblast cells and their substrate attachment, viability, and proliferation, and show they can be retrieved and interfaced to standard cell culturing techniques. We also demonstrate a single-cell metabolic assay and track it over selected groups of indexed traps. The device does not require external equipment or machinery, making it available for point-of-care applications.
The platform is simple to fabricate and operate and provides the conditions and sustenance necessary for prolonged mammalian cell culture (3 d), making it suitable for single-or nearsingle-cell assays that require these long time scales. It uses a quick and low-pressure loading process, allows for proper oxygen exchange, and provides the flexibility of choosing the cell growth substrate, properties especially convenient for adherent cell culture.
Results SNDA Operation and Performance Range. The main structural features of the SNDA include a sequence of nanowells branching off a main channel connected to secondary channels through narrow (6 ± 2-μm) restrictions within a polydimethylsiloxane (PDMS) microfluidic device ( Fig. 1A and Fig. S1 ). To load the device (Fig. 1B and Movie S1), it first is attached to a flat surface of choice, such as glass or plastic, to form a hermetic yet reversible seal. An aqueous solution, which may contain cells, is injected by pressure into the main channel. During this step, air escapes the device through the secondary channels, yet the liquid is arrested by its limited liquid-gas meniscus curvature and surface tension dictated by the Laplace pressure at the restriction ( Fig. 1 b2) . Air pressure is then applied at the inlet to shear the dispersed media into separate droplets ( Fig. 1 b3) , which are stabilized by the trap's structure. In the last step, fluorocarbon oil is injected into the main and secondary channels. It flows with the aid of capillary forces and sheathes and chemically isolates the droplets ( Fig. 1 b4 and b5 and Fig. S2 ). Air bubbles do not form, because the oil fully wets the elastomer surface. The fluorocarbon oil serves two purposes: it suppresses water evaporation and increases oxygen in the droplets because of its high oxygen solubility (37, 38) .
During shearing, fluid segmentation is favored over liquid evacuation because of surface energy minimization. For example, it is known that sessile electro-wetting on dielectric water droplet fission is possible only when a droplet is squeezed between two surfaces (39) , which is possible because of energy barrier reduction before and after droplet splitting. The energy change required to overcome such splitting is approximated by
, where γ SL and γ LG are the surfaceliquid and liquid-gas interfacial tensions, respectively; a is the droplet radius; and δ is the plate separation. In the case in which γ SL a γ LG δ, this reduces to ΔE=E ∼ ðγ LG · δÞ=ðγ SL · aÞ. Namely, for a given interfacial tension, to induce droplet fission, the liquid-surface contact area should be maximized in favor of the liquid-gas interface. For the current geometry (Fig. 1A) , this requirement favors a smaller device depth h w or an elongated nanowell L w. However, reducing the device depth h requires higher pressure during the liquid loading step, which acts to reduce the operational pressure range, whereas increasing the nanowell length L leads to incomplete nanowell filling during the first stage (Fig. 1 b2) .
Using these guidelines, a device was fabricated with nanowell dimensions of 200 μm × 400 μm × 100 μm. The droplets' volume was set to 8 nL each to provide cell concentrations of 1.25 × 10 5 cells per mL when a single cell is encapsulated in a droplet. To reach optimal performance, restriction thickness was minimized to be as small as possible. For this, silicone-on-insulator masters were fabricated using deep reactive ion etching (DRIE) to obtain a restriction width of 6 ± 2μm. PDMS devices were made from these molds, then their performances were characterized when sealed against either hydrophobic (polystyrene cell culture dishes) or hydrophilic (glass) substrates and tested with liquids of varying surface tensions: 0.1% Tween 20 (55 ± 3 mN/m), normal human dermal fibroblast (NHDF) cell medium (60 ± 4 mN/m), and water (72 ± 2 mN/m). For each liquid-substrate combination, the inlet loading pressure range, shearing pressure range, and average liquid flow rate were measured (Fig. 1C) . Under various substrate/liquid surface tension combinations, a broad range of pressure levels permitting failure-free device operation has been observed. This allows for the operation of the SNDA in portable settings where the loading and shearing steps may be performed manually using either a latex bulb or a pipette.
Under some conditions, a significant overlap exists between loading and shearing pressures (Fig. 1C) , which led us to test whether these two steps could be combined into a single operation. We found that this indeed is possible. Furthermore, by injecting a specific liquid volume matching the total droplet volume (∼5 μL), it was possible to achieve 100% injection efficiency; namely, all the liquid injected was dispersed into droplets. For operation simplicity, the devices typically were loaded with 15 μL. Each nanowell was labeled with a unique number incorporated in the SNDA design to allow easy tracking of a specific droplet over time ( Fig. 1D and Fig. S1 ).
Concentration Gradient Formations. Given the ability to generate stationary droplet arrays, we further investigated whether SNDAs may be used to generate stationary droplets, each with a different chemical composition. Such capability was demonstrated before, with other methods (40, 41) using up to 96 stationary droplets (42) . Droplets with different chemical composition have the potential to assist in miniaturized high-throughput screening assays, such as testing the influence of a growth factor concentration on cells or antibiotic concentration on bacteria. We found that producing a chemical gradient along 600 droplets is possible by using the same device prototype (8-nL droplets) while modifying the loading procedure (Fig. 2) . Starting with an empty device, the modified loading procedure begins with an injection of a concentrated solute into the inlet while simultaneously injecting a low-solute concentration in the outlet where the two meet (Fig. 2B) . The symmetry then is broken by induced unidirectional flow created by aspirating residual liquid from the outlet only, which generates a constant pressure that drives convective flow along the main channel toward the outlet. The pressure is generated without external means but rather by the nonaspirated liquid residing at the inlet, which is proportional to the column height of this liquid at the inlet. A loss of volume does not result in a significant loss of liquid height, because the inlet diameter is much larger than the channel diameter. The typical PDMS slab thickness we used was 4 mm, which corresponds to an inlet pressure of ∼40 Pa. After flow was allowed to induce diffusion, the gradient was captured by shearing the main channel liquid to generate separate droplets. The gradient steepness was controlled by varying the passive convection time during the flow convection step ( Fig. 2C and Fig. S3 ). By simultaneously altering this, as well as the solute concentrations introduced at the inlet/outlet, we could control both the minimal and maximal solute concentration of each drop, as well as the gradient steepness ( Cell Viability and Recovery. After initial characterization of the device, we set to test its ability to support single-cell incubation as well as the ability to perform common tissue culture assays on droplet-encapsulated cells. We first investigated the capacity of the SNDA platform to support live mammalian adherent cell survival for up to a few days. For this, human fibroblasts were loaded into the device at a concentration of 0.25 × 10 6 cells per mL, corresponding to an average of two cells per droplet. After initial injection and droplet shearing, the number of cells in each droplet was counted manually. Subsequently, cell viability and proliferation were measured over days. The viability assay was performed by removing oil from the main channel and injecting trypan blue, which selectively colors dead cells (Fig. 3A) . We observed high viability (∼90%) at all measured time points as well as proliferation by counting live and dead cells within the droplets (Fig. 3B) .
Unlike conventional methods, which irreversibly seal a microfluidic device by treatment of oxygen plasma (20, 43, 44) , in the presented method, the PDMS is attached to the substrate without permanent sealing, allowing it to be peeled from the substrate. Cells, which are adhered to the substrate, may be left to grow with the addition of culture medium. In addition, after peeling, the area of the substrate that was in contact with the PDMS becomes more hydrophobic, allowing visualization of the preexisting pattern of the wells by using hydrophobic dyes.
The ability to retrieve cells further raises the question of whether it is possible to grow the retrieved cells to interface them later with conventional cell culture techniques. Following device peeling, medium was added to the tissue culture plate and the cells were allowed to proliferate on the substrate. We observed stable proliferation capacity, and the cells retained their ability to proliferate (Fig. S4 ). In addition, it was possible to access the retrieved cells directly for fixation and staining. Cells were stained for nuclear Ki-67, marking cells that entered the S-phase, indicative of normal cell-cycle progression. In addition, a triple staining of DAPI, phalloidin, and vinculin showed normal cell spreading with visible focal contacts and actin filament bundles, even after cell recovery ( Fig. 3 C-E).
Bacterial and Mouse Leukemia Cell Proliferation. To investigate the capacity of SNDAs to support proliferation of encapsulated cells, we loaded droplets with nonadherent mammalian and bacterial cells in 8-nL and 0.3-nL droplets, respectively, and monitored cell proliferation over time. Nonadherent mouse leukemia cells (L1210) were encapsulated at an initial concentration of zero to four cells per droplet; in each nanowell, the number of cells was counted every 12 h over 48 h. Proliferation was observed, in some cases surpassing a tenfold increase over a 48-h period (Fig.  4 A and B) , similar to rates observed for these cells in conventional cultures (45) .
For bacterial cells, Escherichia coli cells were encapsulated in a different prototype that was designed with nanowell dimensions of 80 μm × 80 μm × 50 μm, corresponding to ∼0.3 nL each.
To simplify observation and cell counting, the E. coli cells were transformed with a GFP (pGreenTIR)-expressing plasmid (46) . E. coli proliferation was tracked in a total of 100 droplets over 8 h by using time-lapse microscopy ( Fig. 4 C and D and Movie S2). It was found that droplets containing a similar initial cell number could still follow diverse replication patterns during the 8 h, leading to a large variation in the end-point cell number. Because all the microenvironmental conditions were similar, this variation might be attributed to cell heterogeneity manifested by a variation in the endogenous replication rate of the individual bacterium.
Single-Fibroblast Metabolic Assay Discretization. The droplets' chemical isolation was used to implement a single-cell performancebased assay. For this, we chose to investigate the metabolic activity of fibroblasts (NHDF) using the alamarBlue assay, which is used routinely to estimate the number of metabolically active cells in bulk (47) . In the presence of a live cell, its fluorescence turnover linearly increases over time. The linearity coefficient corresponds to the number of live cells. Cell number per droplet obeys a Poisson distribution because of the statistical nature of the encapsulated cells (Fig. S5) . Cell concentration was set to an average of two cells per droplet to achieve a large sample size of droplets containing zero, one, two, and three cells per droplet. Fluorescence was monitored in the initial linear regime for up to 5 h at a sampling rate of 5 min (Fig. 5 A and B) . Only droplets in which the cell number did not change during this period were used for analysis. We quantified the fluorescence increase over six experiments of 200 nanowells each. For a given droplet, the number of cells encapsulated was proportional to the corresponding fluorescent buildup (Fig. 5C) . The results show a significant difference (P < 0.05) for nanowells containing zero, one, two, or three cells per droplet, indicating that cell metabolic activity may be detected at the single-cell level by using this device (Fig. 5C , Table S1 , and Movies S3 and S4). SNDAs therefore may be used for performance-based assays involving fluorescent cell metabolite secretion, which requires long cell incubation. It also allows characterization of single-cell contributions to the entire cell population response.
Using this same assay while monitoring cell morphology in parallel further revealed that a single cell's spread area was correlated with its fluorescence buildup, with larger cells having higher metabolic activity (Fig. 5D) . Moreover, we found a correlation between cell branching (circumference 2 /area) and the redox potential of the cells. Interestingly, cells with higher branching (higher than the median) revealed a significant increase (35%, P = 0.0028) in fluorescence buildup rate compared with more rounded cells (lower than the median).
Digital Concentration Detection of Staphylococcus aureus ColonyForming Units. S. aureus bacteremia is an important infection as it has a mortality rate higher than that of AIDS, tuberculosis, and viral hepatitis combined (48). Given its clinical relevance, we explored whether live pathogen concentration in a sample can be determined. First, the viability of S. aureus was verified in the device, as well as its capacity to support colony formation in droplets originating from a single cell (Fig. 6 A and B) . We then checked whether it is possible to deduce the viable pathogen concentration in a sample based on the number of colony-formed droplets. For this evaluation, a blood sample was spiked with S. aureus at various cell concentrations, all with averages much lower than one cell per droplet. We injected the sample into the device and counted the number of colonized droplets after culture at 37°C for 20 h. We found that the number of colonies formed was correlated with the pathogen number initially injected into the devices (Fig. 6D) and that we could detect pathogen concentration as low as 560 cfu/mL. This detection limit may be lowered by an order of magnitude or more by increasing the total number of droplets or their volume or by injection to multiple devices at once. Because of the SNDA's low reagent consumption, the total number of S. aureus cells used to perform all the experiments summarized in Fig. 6D , including duplicates, was less than 2,000.
Discussion
For single-cell analysis, SNDAs offer several advantages over conventional methods. They easily generate hundreds of stationary, indexed, nanoliter droplets, providing a simple way to set up and perform cell-encapsulated assays that require long-scale single-cell tracking over time. These advantages make SNDAs a practical research or diagnostic tool for applications that depend on measuring long-timescale cellular processes. The SNDA uses a unique loading procedure operated in reverse order, in which the dispersed medium is injected first and sheared into droplets, and only later is a continuous phase injected for droplet sheathing. This reverse-loading process creates two distinct interfacial energy values: one for the liquid-gas interface and the other for the liquidsolid interface. By adjusting the nanowell geometry, this interfacial energy difference may be used to both shear continuous liquid into separate droplets and optimize droplet trapping.
The end result is a stationary droplet array composed of hundreds of droplets in nanowells, in which each nanowell has a unique index. These stationary droplets can support adherent cells by being in contact with a cell culture substrate. This inexpensive and portable technology, which does not require the complex instrumentation and sensitive pressure control of traditional droplet microfluidics, makes single-cell experiments accessible to every laboratory.
Two prototypes were designed: one with 600 8-nL droplets and a second, smaller prototype with 200 0.3-nL droplets. We characterized the device performance and found it to have a low dependence on the substrate and type of liquid used. We showed that a stationary droplet solute concentration gradient can be generated while controlling interdroplet chemical gradient steepness. Such a gradient has high relevancy in screening assays and may be used to rapidly characterize the time response of single rare cells. We demonstrated both mammalian adherent (fibroblasts) and nonadherent (mouse leukemia) as well as prokaryotic (E. coli, S. aureus) single cell-incubation and proliferation during hours up to days. Recovered adherent cells also can be grown off-chip and therefore interfaced with common tissue-culture techniques.
We used the droplets' chemical isolation to assess single-cell metabolic activity with the fluorogenic alamarBlue assay. We observed different fluorescence buildup rates due to the presence of one, two, or three cells per droplet. This demonstrates that unlike conventional bulk assays, in which the performance of the cell population is measured in bulk and analyzed through a single channel, the SNDA allows multichannel readout in which continuous quantification of an adherent cell population on the single-cell level is possible. Specifically in this work, hundreds of channels were investigated, each representing the behavior of a single adherent cell's metabolic activity. In this assay, we use the ability of the SNDA to create isolated microenvironments for single adherent cells directly on tissue culture substrates to track the redox potential, through the buildup of alamarBlue fluorescence within the wells, during the cell adhesion process. In our experiment, we started tracking the fluorescence buildup of alamarBlue at a critical time when the cells have not yet adhered or are in the early stages of doing so. We then continued to track the buildup throughout the adhesion process. The unchanging slopes of the plots in Fig. 5B during cell adhesion confirm the steady nature of the redox potential, an important parameter that gives insight into cellular health and metabolism. Interestingly, when we coupled this assay to image analysis data of cell shape, we found that the metabolic activity is related to the cell's spread area and shape, with higher fluorescent buildup in the larger cells and in cells with higher branching.
The ability to capture a single live S. aureus in droplets and expand it to a colony that fills the droplet after 48 h also was demonstrated here. We showed that it is possible to quantify the initial live pathogen sample concentration based on the number of colonies formed down to a detection limit of 560 cfu/mL while using very low total cell number.
The method presented offers a simple yet robust device for generating nanodroplet arrays by using a few microliters of reagent and hundreds of cells. The pressure insensitivity of the SNDA makes it compatible with manual operation in portable or resource-poor settings where sophisticated pressure-regulating equipment is unavailable. The method does not require the use of potentially cytotoxic surfactants, allows easy adherent cell retrieval of choice, and may be used with different substrates, such as glass and tissue culture plate (polystyrene). This method also may be used to generate a high-resolution stationary droplet chemical gradient.
The ability to rapidly and easily set up SNDAs, especially suitable for adherent cell culture, may help bring new single-cell assays to biological laboratories unfamiliar with or unequipped for microfluidic work. This capability may further contribute to research involving cellular characterization, such as immunological cell-to-cell communication, and analysis of heterogeneous cell responses.
Materials and Methods
For detailed materials and methods, see SI Materials and Methods. Device loading was operated by using a bulb/pipette or vacuum applied at the outlet. In all experiments, a biocompatible fluorocarbon oil (Fluorinert FC40, F9755-100ML; Sigma) was used without any added fluorosurfactant. Before loading, each device was washed, air blown, cleaned with adhesive tape, and sealed against a TC plate or coverslip. To reduce evaporation, devices were primed with double distilled water at 60°C for 0.5 h and centrifuged at 500 × g for 1 min to remove adhered bubbles. Water priming was repeated, and devices were stored at 37°C overnight. To reduce evaporation during an experiment, the main channel's inlet and outlet were sealed with adhesive tape, and water was added to the plate to cover the device's sides and upper surface. For experiments, soft lithography was used to fabricate SU-8 masters. SU-8 2075 was spin coated on 4-inch wafers at 2,000 rpm (Headway Research, Inc., model PWM32) (to achieve a channel depth of ∼100 μm), ramped at 65°C for 5 min, then prebaked at 95°C for 20 min. The spin-coated wafer was UV exposed (Süss MicroTec MA-6 mask aligner) for 22 s, followed by postexposure baking for 10 min at 95°C. The master then was silanized with trimethylchlorosilane (92360; Fluka) for 20 min.
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To characterize device performance, we fabricated a highaspect ratio master using deep reactive ion etching (DRIE). We used a 4-inch silicone-on-insulator double-sided polished wafer with a 135-μm device layer. For preoxidation cleaning, we used three steps: (i) piranha etch, 2:1 mixture of H 2 SO 4 :H 2 O 2 , at 110°C for 10 min; (ii) hydrofluoric acid (HF) etch, 1:50 mixture of HF:H 2 O, for 10 s; and (iii) ammonia etch, 1:1:4 mixture of NH 4 OH:H 2 O 2 :H 2 O, at 75°C for 10 min. After each step, the wafer was rinsed in deionized water (R > 12 MΩ). The oxide layer was grown by thermal oxidation at 1,100°C for 180 min. The measured oxide layer thickness (NanoSpec) was 2,000 Å.
We primed the wafer on a hot plate for 20 min at 110°C, then spin coated negative photoresist (AZ nLoF 2070) at 5,000 rpm for 60 s followed by a soft bake for 5 min at 110°C. We exposed the wafer through a high-resolution chrome mask (Photo Sciences). Exposure time was 4.3 s. Next, we performed a postexposure bake on a hot plate at 110°C for 2 min. The photoresist was developed with 1:10 tetramethylammonium hydroxide:H 2 O for 90 s followed by a DI water rinse and hard bake at 110°C for 10 min. We performed oxygen plasma treatment (Axis; Descum), 200 mTorr, 100 W, 2 min. We then stripped the oxide layer with buffer oxide etch for 200 s, followed by a DI water rinse while verifying the oxide layer was less than 20 Å. Silicon etching was processed with inductively coupled plasma DRIE using loops of SF6/Ar and C4F8/Ar. At the end of the process, the residual photoresist was stripped with NMP at 75°C for 80 min, followed by PRS-3000 at 75°C. Buffer oxide etch was used to remove the residual oxide layer. The master then was placed in a molecular vapor deposition (MVD100E; Applied Microstructure) for 30 min to create a perfluorodecyltrichlorosilane-(heptadecafluoro-1,1,2,2-tetrahydrodecyl) trichlorosilane layer to assist in subsequent polydimethylsiloxane (PDMS) peeling.
Device Molding, Loading, and Characterization. PDMS (Sylgard 184; Dow Corning) was mixed with a curing agent at a ratio of 1:10. After gas debubbling, the PDMS was poured on a master and cured at 70°C for 0.5 h, peeled, and punched with holes using a biopsy punch (1.5 mm, REF 33-31A; Miltex). Device loading was operated by using a bulb/pipette or vacuum applied at the outlet. In all experiments, a biocompatible fluorocarbon oil (Fluorinert FC40, F9755-100ML; Sigma) was used without any added fluorosurfactant. Before loading, each device was washed, air blown, cleaned with adhesive tape, and sealed against a TC plate or coverslip.
To reduce evaporation, devices were primed with DDW water at 60°C for 0.5 h and centrifuged at 500 rcf for 1 min to remove adhered bubbles. Water priming was repeated, and devices were stored at 37°C overnight. To reduce evaporation during an experiment, the main channel's inlet and outlet were sealed with adhesive tape, and water was added to the plate to cover the device's sides and upper surface.
To characterize device performance, we used the device molded from the DRIE-fabricated master (Master Fabrication). To set a specific pressure at the inlet, we used gravity to generate a controlled pressure. A syringe was filled with the aqueous loading liquid and directly plugged into the device's main inlet. The syringe height and the time it took the device to load were measured. The device then was inspected under a microscope to check for possible loading failure. For each pressure range limit, this procedure was repeated at least three times. To measure the possible shearing pressure range, we used the same method but applied negative pressure by lowering the liquid-filled syringe below the device plane. The average flow rate was computed by the total droplet volume (or the volume of the main channel in the case of shearing) divided by the filling time. This procedure was repeated for two types of substrates (glass, TC plate) and for three different liquids with variable surface tensions. Liquid surface tensions were measured with a tensiometer (Theta light; Attension) by the sessile droplet technique.
Viability, Proliferation, and Recovery. Normal human dermal fibroblasts (NHDF-Ne, CC-2509; Lonza), passage 8, were expanded in TC plates until reaching confluency. Cell medium was 88% L-glutamine containing DMEM (Gibco), 10% FBS (HyClone), 1% penicillin-streptomycin (Biological Industries), 1% minimum essential medium nonessential amino acids (Gibco), and 0.1 mM 2-mercaptoethanol (Gibco).
Cells were trypsinized and diluted to a cell concentration of 0.25 × 10 6 cells per mL. A portion of the cells was injected at time t = 0 h to three different devices (three time points: t = 5 h, t = 24 h, t = 48 h), and another portion of the cells was seeded on three TC plates (controls).
After loading, the initial number of cells per droplet was counted manually. At each time point, the oil was removed from the main channel and trypan blue was injected, incubated for over 5 min, and diluted with NHDF medium. The number of stained and nonstained cells, as well as the number of adhered cells, was registered manually and separately for each nanowell for 200 nanowells. As a positive control, in each experiment, the presence of at least one nanowell with both stained and nonstained cells was verified. For each time point, the controls were analyzed for both suspended cells (supernatant) and adherent cells (trypsinized) by using the trypan blue assay. To assess cell recovery rates, the surface of the plate was marked and later peeled off the Petri dish. The recovery fraction was taken as the total number of adherent cells after peeling divided by the initial number of adhered cells before peeling.
Off-Chip Cell Staining. A glass coverslip (24 × 60 mm; MenzelGlaser) was spin coated with PDMS (Sylgard-184; Dow Corning) at 2,000 rpm for 30 s. A fibronectin stock solution (F0895-5MG; Sigma) was diluted in PBS to 50 μg/mL, added on top of the PDMS-coated coverslip, incubated at room temperature for 45 min, aspirated, and dried. Immediately after drying, the device was sealed against the coverslip. NHDF cells passage 8 were trypsinized and injected into the device at a concentration of 0.25 × 10 6 cells per mL. The device containing the cells was covered with sterile water and incubated for 2 d at 37°C and 5% CO 2 . The coverslip was separated from the device and immediately washed with PBS. A solution of 4% paraformaldehyde (PFA) and 0.5% Triton was added and incubated for 5 min at room temperature. The mixture was aspirated, and the coverslip was washed with PBS twice for 2 min each. Next, a solution of 4% PFA was added to the coverslip and incubated for 15 min at room temperature. The coverslip was washed with PBS twice for 2 min each. The coverslip was removed from the PBS bath and after excess PBS was removed, was placed face down on a droplet of a 100-μL staining mixture of 1:400 mouse anti-human vinculin (first antibody) in PBS (V9131; Sigma). A humid chamber was used to cover the coverslip as it was left to incubate at room temperature for 30 min. It then was placed in two separate PBS baths for 2 min each. The procedure was repeated with a second staining mixture of 1:100 Cy3 goat anti-mouse (conjugated secondary antibody) (115-166-072; Jackson ImmunoResearch) + 1:1,000 DAPI + 1:100 phalloidin FITC (P5282; Sigma). The coverslip was pressed to a glass slide, with Fluoromount-G (0100-01; SouthernBiotech) between them. The slide with the coverslip was left to dry at room temperature for 30 min and imaged in a fluorescent microscope (Zeiss Axiovert 200M) with a 100× oil immersion objective.
alamarBlue Time-Lapse Fluorescent Quantification. A PDMS device was sterilized with UV radiation for 15 min. NHDFs (NHDF-Ne, CC-2509; Lonza) were expanded on a TC plate, trypsinized, and diluted to a cell concentration of 0.25 × 10 6 cells per mL, corresponding to an average of two cells per droplet. Ten percent alamarBlue (AbD Serotec) was added to the medium.
Cells were loaded into the device through the main inlet (Fig.  1) . After loading and shearing, but before oil was added, cell-free medium containing 10% alamarBlue was loaded from the outlet to the inlet to prevent cell sedimentation on the border between the nanowell and the main channel. The medium was sheared again, and oil was added. The time when the droplets were formed after the second shearing was set as t = 0 min. The number of cells per droplet was counted manually for 200 droplets.
To quantify the fluorescent signal from a single droplet, an automated fluorescent microscope (Axiovert 200M) with highsensitivity camera (AxioCam MRm; Zeiss; pixel size, 6.45 μm × 6.45 μm; sensor size, 8.9 mm × 6.7 mm) was used with 4× magnification. A reference slide (Chroma) was used to assure baseline fluorescence calibration among different experiments and as a target to assure pixel spatial uniformity. The microscope's heating unit was turned on 2 h before time-lapse initiation to eliminate mechanical drifts due to heat gradients.
The microscope was programmed to focus on 13 positions; each image captured 18 droplets while leaving two overlapping droplets from adjacent images to account for possible time-dependent fluctuations arising from the fluorescent microscope's lamp. To achieve maximal repeatability, all time-lapse experiments were initiated at time t = 45 min. Pictures were taken every 5 min with Zeiss Filter Set 15 (ex BP 546/12 em LP 590) and bright field.
At the end of the experiment, the number of cells per droplet was counted again. Only a subset of droplets was chosen for analysis. The selection criteria were droplets that (i) contained zero to three cells, (ii) contained the same number of cells before and after the experiment, (iii) were not neighbored by droplets with four or more cells for empty droplets, and (iv) did not contain dead cells or dust particles.
The analysis was performed in MATLAB. A custom-made graphical user interface was programmed to automate droplet analysis by averaging the pixel intensity from a configurable rectangle. A rectangle grid was generated automatically, yet individual rectangle positions could be adjusted manually to account for unexpected xy drift or the presence of localized artifacts.
The main cause of signal fluctuation was lamp fluorescence stability, which was ameliorated by using a newer lamp (<200 h of use). To correct for systematic errors due to lamp time fluctuation, the signal from all empty droplets was averaged. Those averaged values were regressed over time to deduce the true value. Each droplet signal was divided by a correction factor. The correction factor was the ratio of the averaged empty droplets at a specific time divided by the regression value at this time.
Statistical Analysis. To compute, in the alamarBlue time-lapse quantification, the time range in which the difference between the groups of droplets with different cell numbers was significant, a two-sample unpooled t test with confidence level of 95% was used. The experiment was repeated six times. In three experiments, the sample size of the group of droplets with three cells was 17, 12, and 10. The sample size of all other groups in all six experiments was at least 20 droplets.
Staphylococcus aureus Colony Formation. S. aureus (9 × 10 4 cfu/mL, ATCC no. 12598) was spiked into 1 mL of human whole blood from healthy volunteers that did not contain any live pathogens. Blood samples containing pathogens then were diluted with blood culture media (Cardinal Health, cat. no. 4402192) with 10×, 20×, 40×, 80×, and 160× folds of dilution. Each blood sample was plated on blood agar plates to determine the number of pathogens at each diluted concentration. A live/dead staining kit (Invitrogen) was used to assess the viability of pathogens trapped in the droplets, according to the manufacturer's instructions. After the blood samples containing pathogens were introduced following the methods described above, the devices were stored in a 37°C incubator for 20 h to culture the pathogens trapped in the devices. The droplets were observed by an inverted fluorescence microscope, and the colonies formed in the droplets were quantitated.
Bacterial and Mouse Leukemia Cell Proliferation. To reduce evaporation caused by the surface-to-volume ratio increase, a glass coverslip was submerged inside the PDMS (1) above the nanowell regions, and the inlets/outlets were sealed (Device Molding, Loading, and Characterization). This step significantly decreased the droplet evaporation rate. Glass slides were silanized to increase surface hydrophobicity. A diluted Escherichia coli (DH5 alpha) with kanamycin-resistant EGFP-expressing plasmid was grown overnight in Luria broth (L2542; Sigma) with kanamycin, 50 μg/mL, at 37°C under shaking of 500 rpm.
Before loading, the cell concentration was adjusted with a hemocytometer to ∼2 × 10 6 cells per mL. Fluorescent images of 100 droplets were taken using an inverted fluorescent microscope (Axiovert 200M; Zeiss) with the aid of an autofocus module. To track cell proliferation, time-lapse experiments were performed for 8 h, with 1-h sampling time, using 40× magnification.
For the mouse leukemia proliferation, cells were cultured in a flask. Their cell concentration was adjusted to 0.25 × 10 6 cells per mL. After loading into the device and immersing in water, the device containing the cells was placed in an incubator (37°C, 5% CO 2 ). For each time point, the number of cells in each droplet was counted manually. See Fig. 5 . Values in the table represent the time ranges in which the difference between the groups was significant (α = 0.05).
Movie S1. SNDA loading steps. First, cell-containing medium is injected into the main channel. Second, air pressure is applied to shear the continuous liquid into separate droplets. Last, fluorocarbon oil is introduced at the main and secondary inlets and flows to sheath the stationary droplets.
Movie S1
Movie S2. E. coli proliferation in 0.3-nL droplets over 7 h.
Movie S2
Movie S3. alamarBlue assay. alamarBlue fluorescence buildup in 20 cell-containing wells over 6 h.
Movie S3
Movie S4. alamarBlue assay. Histogram time dependence of three well populations: one, two, and three cells per well.
Movie S4
